We present dielectric function e ¼ e 1 þ ie 2 spectra and critical-point energies of Cu 2 ZnSnSe 4 determined by spectroscopic ellipsometry from 0.5 to 9.0 eV. We reduce artifacts from surface overlayers to the maximum extent possible by performing chemical-mechanical polishing and wet-chemical etching of the surface of a Cu 2 ZnSnSe 4 thin film. Ellipsometric data are analyzed by the multilayer model and the e spectra are extracted. The data exhibit numerous spectral features associated with critical points, whose energies are obtained by fitting standard lineshapes to second energy derivatives of the data. The experimental results are in good agreement with the e spectra calculated within the GW quasi-particle approximation, and possible origins of the pronounced critical-point structures are identified.
I. INTRODUCTION
There is an increasing interest [1] [2] [3] [4] in the quaternary compounds Cu 2 ZnSnS 4 (CZTS) and Cu 2 ZnSnSe 4 (CZTSe) for their applications in thin-film photovoltaic (PV) devices. The material's bandgap energy in the range of 1.0-1.5 eV and high absorption coefficient of $10 4 cm À1 are suitable for high-performance PV devices, and the earth-abundance of the constituent elements paves a new pathway for gigawattscale mass production of PV. 1 In addition, the non-toxic nature of the elements also eliminates environmental concerns.
Despite their brief history in thin-film PV, CZT(S,Se) technologies are rapidly advancing and their conversion efficiency has already reached as high as 10.1%. 2 Knowledge of the optical properties of materials, such as dielectric functions e ¼ e 1 þ ie 2 and refractive index N ¼ n þ ik ¼ [e] 1/2 , is important to develop and optimize PV device structure, as well as to improve our understanding of the electronic structure and related physical characteristic. 5 For example, the N (or e) is one of the input parameters for optical modeling of PV device performance, and the e spectra are widely used to verify the predictions made by the electronic structure calculations. 6 Surprisingly, however, the properties of CZTSe have not yet been explored in great detail. In particular, experimental studies are relatively rare and previous studies have focused mainly on determining the bandgap energy 3 and probing the secondary phases. 4 Here, we apply spectroscopic ellipsometry (SE) to investigate the optical properties of CZTSe. SE is recognized 7 as a highly suitable method of determining the e and N spectra of materials over a wide spectral range. The surface sensitivity of this technique, however, often makes it complicated to obtain a material's intrinsic properties when surface overlayers are present. 8 Because optical information on overlayers is usually unavailable a priori, mathematical modeling of SE data without sufficient knowledge can potentially lead to inaccurate results. In this study, we attempt to reduce overlayer artifacts by performing chemicalmechanical polishing (CMP) and wet-chemical etching of the surface before SE measurements.
The e data exhibit numerous optical structures associated with critical points (CPs) and their energies are obtained by the standard line shape analysis. 9 The experimental data are in good agreement with the spectra calculated in the GWrandom phase approximation (RPA). 10 We identify the possible origins of the prominent CP structures observed in the e spectra in this work.
II. EXPERIMENTS
A polycrystalline CZTSe thin film was grown by thermal co-evaporation of elemental Cu, Zn, Sn, and Se. The substrate was soda-lime glass coated with a 1-lm-thick molybdenum (Mo) film, and its temperature was held at 490 C during growth. The nominal thickness of the film was 1.5 lm. X-ray fluorescence was used to determine chemical composition, which was calibrated by inductively coupled plasma optical emission spectrometry. The film turned out to be slightly Zn-rich (Zn/Sn ¼ 1.07) and Cu-poor (Cu/[Zn þ Sn] ¼ 0.96). The film's structural properties were characterized by X-ray diffraction, Raman scattering spectroscopy, and Auger electron spectroscopy, which showed no clear evidence of the secondary phases, such as ZnSe and Cu 2 SnSe 3 , within the film. Detailed discussions on the growth and phase identification are given elsewhere. The surface roughness was greatly reduced by CMP procedures using a colloidal silica suspension with 0.02-lm particles. We attempted to further remove the residual oxides as much as possible by etching the film surface with a 50 vol % solution of NH 4 OH in DI water (AmH) for 30 s in air. Changes of the morphology and chemistry of the CZTSe surface were monitored by atomic force microscopy (AFM) and X-ray photoemission spectroscopy (XPS), respectively. AFM images were recorded in air by using a Digital Instrument -Dimension 3100 model equipped with Nanoscope-V controller. XPS spectra were taken in a Physical Electronics 5600 photoemission system using monochromatic Al Ka radiation, a 45 take-off angle, and an 800 lm slit. The pass energy was 29.35 eV, and the dwell time per data point was 2 s.
A variable-angle rotating compensator SE (J.A. Woollam Inc., M-2000 DI model) was used to assess the surface conditions in the spectral range from 0.74 to 6.45 eV. The incident angle was varied from 55 to 75 with an increment of 5
. We minimized recontamination of the surface by continuously flowing N 2 gas onto the sample during the measurements. The full < e > spectra were then separately acquired from 0.5 to 9.0 eV with the sample at room temperature by using a vacuum-ultraviolet (VUV) SE, which is a rotating analyzer type equipped with a computer-controlled MgF 2 Berek compensator. The angle of incidence was 70 .
III. COMPUTATIONAL DETAILS
Theoretical analysis of the total dielectric function e ¼ [2e \ þ e jj ]/3 spectra is performed using the e data reported in Ref. 10 , which were calculated within the GW approximation.
13 This first-principles method is developed to calculate the energies and self-energies of electrons in a solid by updating both Green's functions G and screened Coulomb potential W in the self-consistent approach. The GW approximation can be regarded as a generalization of the HartreeFock approximation but with a dynamically screened Coulomb interaction. In this work, we analyze the e spectra and identify the CPs of the photon-assisted transitions.
CZTSe crystallizes in either the kesterite (KE) structure with the space group of I 4 or the stannite (ST) with the space group of I 4 2m, which can be distinguished by the relative positions of Cu and Zn atoms in the unit cell.
14 The ordering of cations was taken into account, and e spectra of CZTSe were calculated for both structures. 10 CP structures observed in the e spectra are associated with Van Hove singularities (VHSs) in the joint density of states (JDOS), defined as
where S k is the constant energy surface of optical transition energy
The CPs in e spectra are mapped to critical k-points in the JDOS where the gradients of E cv vanish. In our calculations, four possible high-symmetry k-points (HSKPs), C(0, 0, 0), Z(0, 0, 1/2), X(1/2, 1/2, 0), and P(1/2, 1/2, 1/2) are considered.
Assuming parabolic curvature of the valence and conduction bands, E cv can be expanded in the vicinity of the HSKP k 0 to the second order of u ¼ k -k 0 as
with
where m e * and m h * are the effective masses of electrons and holes, respectively. The peaks in the e 2 spectrum correspond to negative values of
, implying saddle points of E cv (k 0 ) and thus c \ c jj < 0. 9 To understand the nature of the individual CPs, the effective masses need to be analyzed at the HSKPs. For the calculations of the effective masses, we used a dense k-mesh and the generalized gradient approximation (GGA) with the onsite Coulomb correction are 398 and 17.1 nm, respectively. The CMP procedures greatly reduced the root-mean-square (RMS) roughness from 70.9 nm for the "as grown" surface (Figs. 1(a) and 1(b)) down to 2.7 nm for the "Polish and AmH" surface (Figs. 1(c) and 1(d)). Figure 2 is comprised of XPS data for the polished and polished/AmH surfaces. A general spectral feature of the AmH-washed surface is a reduction of the full-width-at-halfmaximum (FWHM) values for the various core levels, indicating a reduction in the number of chemical states. As seen in O 1s spectra, the relative amount of surface oxygen decreased by about 50% after AmH treatment. The Se 3d region shows that the high binding energy peaks (Se 3d
16,17
The SE-determined imaginary part of the pseudodielectric function < e > ¼ < e 1 > þ i < e 2 > spectra is given in Fig. 3 , which also clearly reflects the positive roles of the CMP procedure and AmH treatment in the improvement of the CZTSe surface. The < e 2 > spectrum, especially in the high energy region, is sensitive to the presence of surface overlayer, and the < e 2 > value is reduced from its intrinsic e 2 value. The magnitude of difference e 2 -< e 2 > is roughly proportional to the thickness of the overlayer. 8 The CP structure at $ 2.5 eV appeared distinctly in the "polished" spectrum is not obvious in the "as-grown" spectrum, which is perhaps obscured by the thick surface overlayers. In addition, significant enhancement of the CP structures at $ 4 and $ 5 eV in the < e 2 > spectra, which is further improved by AmH treatment, indicates the successful reduction of surface overlayers in accordance with previous SE studies. 8, 16, 18 Large oscillations below $ 1.3 eV are the thickness fringes from the transparent characteristic of the film below its fundamental absorption edge. 18, 19 A VUV-SE measurement was carried out over an extended photon energy range from 0.5 to 9.0 eV to acquire the < e > spectra of CZTSe after the CMP procedures and AmH treatment of the surface. To obtain the e of CZTSe with the mathematical corrections for the presence of residual surface overlayers and thickness fringes, the < e > data were analyzed by a multilayer model consisting of the ambient, a surface-roughness layer, the CZTSe layer, and the Mo buffer layer. The soda-lime glass substrate was not included in the model because its presence was completely obscured by the 1-lm-thick metallic Mo layer in the spectral range of our measurements. The surface-roughness layer, represented by a Bruggeman effective medium approximation, 20 was estimated to be $ 3.0 nm. The e of CZTSe layer was constructed by the B-spline formulation. 21 A spline function is basically a series of polynomial segments, which is constructed in a manner to maintain continuity up to a certain degree of differentiation. B-splines are a basis set for polynomial splines, and this set of basis functions can describe optical structure in the e 2 spectrum while providing the Kramers-Kronig consistent dispersion e 1 spectrum at the same time.
The real and imaginary parts of the resulting e spectra are shown as solid black lines in Figs. 4(a) and 4(b) , respectively. For comparison, the calculated e spectra of CZTSe in the KE and ST structures are also shown as dashed red lines and dotted blue lines, respectively. 10 Both the KE and the ST structures belong to the body-centered tetragonal Bravais lattice. Therefore, they exhibit similar CP structures in the e spectra with small differences in the CP energies. The agreement between the data and calculations is overall very reasonable, and the major CP structures at around 2.5, 4.0, 5.0, 6.0, and 7.0 eV in the SE data are all identified in the calculations, as indicated by the arrows.
However, a few interesting discrepancies are found as well. SE-determined e 1 ¼ 9.2 is between the two calculated values 10 for KE (10.31) and ST (8.88) structures. In addition, the amplitudes of the E 1 peak in the e 2 spectra are similar for the SE results and the calculated value of the ST structure, whereas that of KE is about twice as large. Those observations suggest that the CZTSe film used in this study possibly contains both KE and ST structures. In fact, a first-principles calculation 22 has shown that a small difference in formation energy (3 meV/atom) allows the KE and ST structures to coexist even at low temperature. On the other hand, we also note that some previous experimental studies 23, 24 probed the pure KE structure in a similar material, CZTS film. Because of the similarities in the lattice structure as well as the chemistry of the two structures, it is unfortunately very difficult to unambiguously discern the lattice type of a polycrystalline CZTSe. For a positive identification of the lattice structure of our CZTSe thin film, a more systematic structural analysis is required, which is beyond the scope of this work.
To obtain energies of the CP structures observed in Fig. 4 , we numerically calculated the second-energy-derivative d 2 < e > /dE 2 spectra using linear filtering algorithms of the Savitzky-Golay-type. 25 The CP energies are extracted by fitting the spectra to the standard analytic CP expressions by least-squares scheme. These standard expressions are
where A is the amplitude, E g is the threshold energy, C is the broadening parameter, and / is the excitonic phase angle. 2 results are not shown, but the quality of the fits is similar. The solid and dashed-dotted lines are the best-fit curves for the real and imaginary parts, respectively. Sensitivity to the residual feature is greatly enhanced in the derivative spectra, and the two weak CPs, E 2 and E 5 , are now resolved. The E 1 , E 2 , and E 3 CPs are fit best with the excitonic lineshapes (n ¼ À1), while the remaining CPs are represented by the 3-D lineshapes (n ¼ 1/2). The CP energies obtained are listed in Table I .
Identification of the physical origins of the optical structures plays an important role in better understanding the material's electronic structure and the relative strength of transitions at room temperature. This is in turn important to develop new compounds with desired functionality and predict the effects of impurities and strain engineering on the properties of host materials.
The possible origins of the CP structures are identified from the calculated spectra 10 using the GGA effective masses. We find that the first two CPs, E 1 and E 2 , occur at the Z-point of BZ. The corresponding band-to-band transitions are suggested in Table I . The e 2 data exhibit a strong local maximum at the E 1 CP because of its low-dimensional characteristic at VHS. By decomposing the density of states to atomic site and angular momentum, we find that the E 1 CP structure consists of Cu(3d xz þ 3d yz ) ! Se(4p z ),
2 ), and Se(4p x þ 4p y ) ! Sn(5s) transitions. The net effect is that the Cu(3d) electrons are excited to Sn(5s) orbit. Since the d-s dipole transition is forbidden by the selection rule, the Se(4p) orbital is utilized as a pipe in this process. The E 2 CP involves the Cu(3d xy þ 3d xz ) ! Sn(5p x ), Cu(3d xy þ 3d yz ) ! Sn(5p z ), and Cu(3d yz þ 3d xz ) ! Sn(5p z ) transitions. The net transition is Cu(3d) ! Sn(5p).
The E 3 CP contains the Cu(3d) ! Sn(5s) transition at the Z-point, which is very similar to the E 1 CP. It can be explained as follows: Analogous to the Cu(In,Ga)Se 2 compound, 26 the Cu(3d) state in CZTSe spans over a large energy range ($ 6 eV) of the upper valence band and splits into two peaks in the density of states spectrum due to the p-d repulsion. The E 1 and E 3 CPs correspond to the transitions from the upper and lower Cu(3d) peaks to Sn(5s) state, respectively. Besides, the E 3 CP also contains other possible contributions, i.e., Cu(3d xy þ 3d xz ) ! Sn(5p x ) and Cu(3d xy þ 3d yz ) ! Sn(5p y ) occurring at the C-point.
High-energy transitions E 4 , E 5 , E 6 , and E 7 CPs contain numerous contributions with different types of transitions occurring over a wide region of BZ, so the amplitudes of these CP structures become relatively large. Due to the close locations of multiple transitions, however, it is challenging to analyze these CPs in a systematic fashion. Possible transitions associated with each CP structure are listed in Table I. Finally, we discuss possible reasons for the discrepancies observed in the CP energies between the data and calculations. First, the GW quasi-particle approximation partly neglects the true many-particle interactions, for example the four-point interactions, in describing the excitation effects. As a consequence, the peaks in the calculated e 2 spectrum tend to appear at higher energies than those in the experimental data. A similar trend has also been observed in the previous studies. 18, 27 In addition, the theoretical analysis is based on a zero-temperature model, while the experiments are carried out at room temperature.
V. CONCLUSIONS
Dielectric function e spectra of polycrystalline Cu 2 ZnSnSe 4 have been determined by spectroscopic ellipsometry from 0.5 to 9.0 eV. We performed chemicalmechanical polishing and wet-chemical etching of the surface to obtain < e > data least influenced by surface overlayers. We then extracted e spectra using multilayer modeling procedures. Our < e > data exhibit seven above-bandgap critical-point structures, and their energies are obtained by the standard line shape analysis. The data show good agreement with the e spectra calculated within the GW approximation, and the possible origins of the critical-point structures are identified. The optical function spectra reported in this work can be used to design the CZTSe-related PV devices and model their performance. The energy of critical point structures and their physical origins, on the other hand, will help our better understanding of the electronic structure of CZTSe and the dominant optical transitions at room temperature.
